Abstract -The Bit-Error-Rate (BER) performance of a 2D-Rake receiver, in combination with transmit diversity on the downlink of WCDMA system, is presented. The analyses assume correlated fading between receive antenna array elements, and arbitrary number of independent but nonidentical resolvable multipaths combined by the RAKE receiver, in the general Nakagami-m fading channel framework. The impacts of the array configuration (e.g. the number of transmit antennas and receive antennas, the antenna element separation) and the operating environment parameters (such as fading severity, angular spread and path delay profile), on the overall space-path diversity gain can be directly evaluated.
Introduction
Multiple input multiple output (MIMO) systems are a natural extension of developments in antenna array communications. While the advantages of utilizing multiple receive antennas, such as gain and spatial diversity, have been thoroughly investigated both theoretically [2] - [6] and experimentally, the advantages of MIMO communications, exploiting the physical channels between many transmit and receive antennas, denoted as ( ) , T R M M , have recently received significant attention [7] .
The capacity improvement with Multiple Array Elements (MAE) have been defined analytically in Rayleigh fading channels [7] , [8] . Also, simulation studies [9] , [11] and experiment measurements [10] have been completed for a variety of propagation conditions, in order to quantify the realistic performance gains with MAE. In addition to the capacity increase, Bjerke et. al. [12] derived the BER performance of MRC or selection receive antenna combining, in combination with open loop and closed loop transmit diversity, for (2, 2) WCDMA systems in Rayleigh fading.
In mobile radio systems, the transmitted signal is attenuated, reflected and refracted by many obstacles, e.g. buildings, along the paths between the transmitter and the receiver. Early propagation experiments [1] indicate the Nakagami-m distribution is one of the most versatile models to describe the fading statistics. The Nakagami-m distribution includes Rayleigh as a special case for m=1; it can also well approximate Ricean fading when m>1, with one-to-one mapping between the fading parameter m and Ricean K-factor. This paper will extend the analysis in [12] to the general Nakagami fading environment with arbitrary number of TX and RX antennas. The exact BER expression is obtained in the form of a one-fold finite-limit integral, with the integrand being a function of array dimension, fading parameter, the number of RAKE fingers, multipath power decay factor and the channel covariance matrix. Thus, we are ready to quantify the effects of the array configuration parameters and/or environmental factors on BER.
The paper is organized as follows. In Section 2, we will briefly describe the wideband MIMO channel. Section 3 presents the bit error probability of the 2D-RAKE receiver at the mobile terminal with receive-diversity only. In Section 4, the above result is first extended to include dual transmit diversity using a simple space-time block code [16] , and then generalized to the case with arbitrary number of TX and RX antenna elements. Section 5 provides several numerical examples to demonstrate the flexibility of evaluating the individual impacts of key propagation parameters on the BER performance of (2, 2) system. Concluding remarks are given in Section 6.
II. Wideband MIMO Channel
We consider the downlink of a WCDMA system, with Assuming there is a total of L multipath components, the equivalent low-pass vector channel is expressed as
where
h , which defines the channel through which the signal is transmitted from TX antenna i to all RX antennas at delay l τ , and each element ( ) l ji h is the complex channel coefficient from the TX antenna i to the RX antenna j. The input/output relation of the MIMO system is described by the following vector notation:
where * denotes convolution, and ( ) t n includes additive white Gaussian noise and interference.
The potential gain from applying space-time processing is strongly dependent on the spatial correlation coefficient. The most general correlation between the elements of ( ) l h may be represented as a four-dimensional tensor [8] . Considering that only immediate surroundings of the antenna array impose the correlation between array elements and have no impact on spatial correlations observed between the elements of the array at the other end of the link [8] , we model the correlation among receiver and transmitter array elements independently from one another. Assuming that BS antennas are sufficiently separated, so that the transmitted signals can be assumed to be practically uncorrelated. In the following analysis, we will focus on the spatial correlation between receive antennas on MS, defined as 2 2 ,
The closed form expression of jk ρ for a Uniform Linear Array (ULA) has been derived assuming that the power azimuth spectrum (PAS) follows a Uniform distribution [13] , truncated Gaussian distribution [5] and truncated Laplacian distribution [14] to model different propagation conditions. In Section V, we will use the correlation derived under truncated Gaussian PAS [5] , which is the function of antenna spacing, mean angle-ofarrival (AOA) and the angle spread. For an M-element ULA with omnidirectional elements, we can write
where l ϕ is the mean AOA with respect to the axis perpendicular to the line of the array, with 0 l ϕ = referred to as the broadside direction, the phase φ l is uniformly distributed over the range [0,2π), and ( ) l ϕ v represents the array response vector given as
where d is element spacing, λ is the carrier wavelength.
In the Nakagami fading channel,
where Γ(.) is the Gamma function,
is the average power on lth path, and m l ≥ 1/2 is the fading parameter. We assume that the fading is constant over at least two consecutive symbol intervals, and that the paths between each transmit and receive antennas are independent with identical exponential path delay profile (PDP) [6] , i.e. 
III. Error Probability of 2D-RAKE receiver
First, we present the BER performance of a 2D-RAKE receiver without transmit diversity, i.e. (1, ) R M system. Here, we assume perfect channel vector estimation and MRC combining, the instantaneous SINR at the output of 2D-RAKE receiver is given by 1 1 N is the equivalent power spectral density including AWGN noise and the total interference, which can be approximated as spatially and temporally white Gaussian noise [6] . Denoting
as the average received SNR corresponding to the first path, the characteristic function of γ is simply
The average bit error probability in the presence of fading is obtained by averaging the conditional error probability represented by ( 2 ) Q γ over the pdf of γ. Using the alternative representation of Q(x) given in [3] , the average BER can then be written as 
It is worthwhile to mention that (11) includes very general channel conditions, specifically: 1) the path signal arriving at different antenna elements can be arbitrarily correlated, but experiences the same fading severity; 2) different resolved multipath signals are faded independently, and the fading statistics can be from different Nakagami families, i.e. the fading parameters are not necessarily equal for all RAKE fingers; 3) the average SNR's may be nonidentical for different paths with exponential path delay.
For M>2, the integrand of (11) expressed in terms of spatial correlation becomes cumbersome, so the alternative representation of the determinant of matrix is desirable. Since 
R 's eigenvalues. Therefore, (11) can be rewritten as
For independent antenna branches, under constant power delay profile assumption and all multipaths experience the same extent of fading, we have 
This is equivalent to the performance with R M L ⋅ independent diversity branches in Nakagami fading. Substituting 1 R M = in (14) leads to the same expression as eq.(41) of [15] .
IV. Error Probability of MIMO systems
For illustration purpose, a simple space-time block code [16] achieving dual open loop transmit diversity scheme is adopted in the analysis. The QPSK symbols shown that the maximum likelihood (ML) estimates of the transmitted data are identical to the ML estimates obtained in a system with a single transmit antenna and dual receive antennas. Therefore, the SNR at the output of 1D-RAKE receiver can be expressed as
where the factor ½ is due to sharing of the transmitted signal power between two antennas. Now we combine both transmit and receive diversity, 
And the BER is given by
It is straightforward to show that the BER of a general ( )
M M system can be extended from (18) as follows
V. Numerical Examples
In this section, we present selected numerical results to illustrate the impacts of the operating environment on the BER performance of MAE system in correlated Nakagamim fading channels. For notational simplicity, the Nakagami fading parameters used in each plot is given as a vector
, corresponding to the L resolved paths at the receiver. In the case that the fading parameters are identical along all the resolved paths, we simply give that value, e.g. 0.75 m =
. It is assumed that the total transmit power is fixed, regardless of the number of transmit antenna elements, and uniform power is allocated to each transmit antennas. The total power of all paths is also assumed to be the same for various power decay factor δ of exponential decaying PDP. In the following examples, L=4 resolvable paths, broadside receiving and antenna separation 1 2 d λ = is used, unless otherwise specified. Fig. 1 plots the average BER of various MAE systems in Rayleigh fading with constant PDP, as a function of the average received SINR of 1D-RAKE receiver, i.e. 1) and (4, 1) systems are 3 dB and 6 dB worse than the receive-only diversity, (1, 2) and (1, 4) systems, respectively. This is because each transmit antenna radiates half or one-quarter of the energy in order to ensure the same total radiated power as with one transmit antenna. If each transmit antenna was to radiate the same energy, the performance of ( )
, the diversity gains for (1, 2), (2, 1) and (2, 2) systems are 2.5 dB, 5.5dB and 6.8 dB, respectively.
In Fig. 2 , the effect of fading parameter on BER are shown for (1, 1), (1, 2) and (2, 2) systems, assuming independent receive signals and constant PDP. As large m means less severe fading occurred, so the better performance. We note that the curve of (1, 2) in 2 m = fading (with + sign) overlaps with that of (2, 2) in 1 m = fading. As (19) shows, under the total transmitted power constraint, adopting M T -fold transmit diversity is equivalent to operate the same receiver in the T M m ⋅ fading channel. Fig. 3 shows the difference when arbitrary fading parameters for the different paths compared to the identical case. . The sensitivity to angular spread seems independent of the power decay factor, and comparable in (2, 2) system as in (1, 2) . parameters on BER performance indicate that the performance of MAE system highly depends on its deploying environments.
VI. Conclusion
We derived the BER of a general MIMO system using maximal ratio combining and open loop transmit diversity in correlated Nakagami fading channels. The closed form analytical expression was given in the simple form of a single finite limit interval, with the integrand being elementary function of array configuration parameters, spatial correlation and operating environmental factors. Our results are sufficiently general to allow the instantaneous SNR's of the resolvable multipaths coming from different Nakagami families, as well as dissimilar average SNR's of the paths. Under the total transmitted power constraint, adopting M T -fold transmit diversity is equivalent to operate the same receiver in the T M m ⋅ fading channel. The amount of difference, between identical fading parameters for all resolvable paths and arbitrary one, increases for higher value of power decay factor. The contribution from spatial diversity and path diversity can be complement to each other under different channel conditions. The generality and computational efficiency of the results render themselves as powerful means for both theoretical analysis and practical applications. 
